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PERFORMANCE CHARACTERISTICS OF 
A LIQUID METAL MHD GENERATOR 

by 

Michael Pet r ick and Kung-You Lee 

ABSTRACT 

An experimental study was made of the performance 
charac te r i s t ics of a liquid metal MHD generator utilizing 
single-phase NaK and two-phase NaK-N^ fluids. The purpose 
of this study was to compare the generator performance with 
theory for single-phase flow and to determine the effects of 
the introduction of the gaseous phase on the generator output 
and efficiency. Data were taken over the following parameter 
ranges: fluid velocity, 1.11 to 10.94 ft/sec; mixture quality, 
0 to 0.0156; volumetric void fraction, 0 to 0.66. The var ia 
tion of the Hartmann number and the magnetic Reynolds num
ber (based on the height of the channel) corresponding to 
these parameter ranges was 88 to 178, and 0.035 to 0.35, 
respectively. 

An extension was made of Hartmann's flow analysis 
to a generator duct that takes into account end losses and 
power dissipation in the duct wall. The agreement between 
the theory and the data was good. The end loss correction 
factors used were those proposed by Sutton. Comparison of 
the data with the theory tended to validate the use of these 
factors. The open-circuit and closed-circuit voltage, cur 
rent, and power output could be computed accurately, but the 
measured p ressu re drop deviated substantially from the p r e 
dicted values. 

F rom the NaK-N^ two-phase flow tests , an empir ical 
relationship was developed for the two-phase conductivity as 
a function of the void volume fraction. The relationship is 

j j p / o = exp(-3.8a). 

The implications of two-phase conductivity on MHD 
generator performance are discussed. 
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I. INTRODUCTION 

The interaction of a moving conductor with a magnetic field is the 
classical method of electric power generation. The conductor can be a me
tallic solid such as used in conventional rotating systems, or it can be a 
fluid. In 1831, Faraday attempted to demonstrate magnetohydrodynamic 
( M H D ) power generation by measuring a potential developed from the inter
action of the tidal currents in the River Thames with the t e r r e s t r i a l magnetic 
field. Although unsuccessful, he set forth the basic principles of the inter
action between magnetic fields and flowing, electrically-conducting fluids 
which are applicable to MHD power generation. 

The effort on MHD power generation has increased sharply in the 
past few years, as evidenced by the wealth of open l i terature on the subject. 
Several excellent status reports and surveys have been published recently.^ ^'2' 
The principal effort has been on compressible MHD channel flow with ionized 
gases. From these studies, it has become evident that serious technological 
problems exist in the plasma MHD cycle, notably the attainment of adequate 
electrical conductivity of the plasma within the temperature l imits imposed 
by materials considerations. 

The alternative to the low-conductivity plasma is the use of a liquid 
metal as the working fluid. The electr ical conductivity of a liquid metal is at 
least four orders of magnitude greater than that of an ionized gas. On the 
other hand, the fluid velocities that can be obtained in a liquid metal gener
ator are between one and two orders of magnitude less than velocit ies that 
can be achieved in a plasma system. However, since the power density of a 
generator is proportional to the product aU^ , the power density of the liquid 
metal MHD generator appears to be at least equal to that of the plasma sys
tem, and may be substantially greater . A major consideration is that this 
equivalence is achieved in the liquid metal system at a tempera ture that is 
within the scope of current materials technology. 

Since it has no rotating parts , the liquid metal MHD system appears 
to be especially adaptable as a sustained power source for space application. 
Typical power cycles proposed for this purpose are those due to EUiott^^) 
and Brown et al. ' '*' 

Elliott 's proposed cycle (shown in Fig. 1) consists of two loops and 
two immiscible liquid metals as working fluids. In the vapor loop, the fluid 
is pumped into the mixer where it is vaporized upon contact with the higher-
temperature fluid emerging from the liquid loop. The vapor expands with the 
liquid through a two-phase nozzle, is separated from the liquid in a separator, 
is condensed in a radiator condenser, and then is pumped back into the mixer. 
In the liquid loop, the liquid is heated in the reactor, passes into the mixer 
where it gives up heat during vaporization of the condensate, is accelerated 



by the vapor in the nozzle, passes through the separator into the MHD gen
era tor where the production of electr ic power takes place, and then is r e 
turned to the reactor by means of a diffuser. 

VAPOR LOOP 

MIXER[—{"OZZl-E | — SEPARATOR —4 
MHO 

1 GENERATOR 

LIQUID LOOP 

I I 

Fig. 1. Liquid Metal MHD Cycle 

The key to this cycle is the performance character is t ics of the 
nozzle, the separator, and the MHD generator. Considerable information 
has been accumulated on the efficiency of the expansion of two-phase mix
tures through nozzles. Based on isentropic homogeneous expansion, the 
data indicate that nozzles may be designed to yield efficiencies as high as 
70-80%. However, the p ressure -drop losses through the separator are 
large, and the completeness of separation between the phases that can be 
achieved in a practical system is uncertain. 

The effect of the vapor phase on generator performance is unknown 
and not readily predictable since the conductivity data on two-phase mix
tures are not available. The major analytical effort has been on MHD gen
era tors operating under highly idealized conditions. 

Because of the importance of the MHD generator in regard to 
overall cycle efficiency, an experimental study of the generator was under
taken. Little information or data are available on the performance charac
te r i s t i cs of a liquid metal MHD generator. The primary objectives of this 
study were: (l) to compare generator performance data with theory for 
single-phase flow; and (2) to determine the efficiency and performance of 
an MHD generator utilizing two-phase mixtures. 
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II. T H E O R E T I C A L ANALYSIS 

A. The Ideal G e n e r a t o r B a s e d on H a r t m a n n F l o w * 

H a r t m a n n ( 8 ) f i r s t a n a l y z e d the o n e - d i m e n s i o n a l flow of a conduc t ing 
l iqu id be tween two p a r a l l e l infinite p l a t e s . The s t e a d y flow of conduc t ing 
f luids in a nonconduct ing r e c t a n g u l a r channel was s t u d i e d by Shercliff. '•". ' 
He o b s e r v e d tha t the flow in a r e c t a n g u l a r channel d i f fe red f r o m tha t b e 
tween p a r a l l e l p l a n e s in that bounda ry l a y e r s of t h i c k n e s s p r o p o r t i o n a l to 
(Ha)- ' ' '^ o c c u r r e d on the wa l l s p a r a l l e l to the f ield. The c a s e of i d e a l l y -
conduct ing s ide wa l l s was s tud ied by Uflyand.(^ ' ' ) He r e p o r t e d tha t e n d -
conduct ing wa l l s p a r a l l e l to the field m e r e l y a s s i s t the exchange of c u r r e n t 
be tween the c o r e of u n i f o r m flow and the s ide bounda ry l a y e r s and w a l l s . 
In a l l c a s e s , the solut ion was r e p r e s e n t e d by a t r i g o n o m e t r i c s e r i e s o b 
t a ined by the me thod of p a r t i c u l a r so lu t i ons . W i l l i a m s ( l ^ ) d e v e l o p e d the 
a s y m p t o t i c f o r m s . Ryabmin and Khozhainov(- '2) a p p r o x i m a t e d the p r o b l e m 
by neg lec t ing the induced field. The a p p r o x i m a t e so lu t ion w a s found to be 
r e a s o n a b l y a c c u r a t e when c o m p a r e d with e x p e r i m e n t a l r e s u l t s . F u r t h e r 
m o r e , in the l a m i n a r flow reg ion of a channe l whose width is m u c h l a r g e r 
than i t s he ight , the r e s u l t s w e r e v e r y c lo se to those of H a r t m a n n . T h e r e 
f o r e , it is r e a s o n a b l e to a s s u m e tha t for a channel wi th a >> b , the flow 
wil l be e s s e n t i a l l y o n e - d i m e n s i o n a l F u r t h e r a s s u m p t i o n s a r e 

(1) The flow IS s t eady , i n c o m p r e s s i b l e , and in the z d i r e c t i o n 
only 

(2) The ve loc i ty componen t w is a function of y only. 

(3) The length of the channel (L) i s m u c h l a r g e r than i t s wid th 
(2a) and he ight (2b), i e . , L » 2a >> 2b. 

(4) The app l ied m a g n e t i c field (B^) is u n i f o r m t i m e - i n v a r i a n t 
and in the y d i r ec t i on only. T h e r e is no app l i ed e l e c t r i c f ie ld . 

(5) The fluid is e l e c t r i c a l l y n e u t r a l , wi th a c o n s t a n t s c a l a r 
conduct iv i ty . 

C o n s i d e r a r e c t a n g u l a r channel a s shown in F i g . 2. L e t the app l i ed 
m a g n e t i c field B^ be u n i f o r m and in the y d i r e c t i o n only, wi th the l iqu id 
moving in the z d i r e c t i o n . Under t h e s e a s s u m p t i o n s , and when e l e c t r i c a l 
d i s p l a c e m e n t c u r r e n t s a r e neg lec t ed , the gove rn ing e l e c t r o m a g n e t i c 
equa t ions a r e , in the MKS s y s t e m of un i t s 

V • E = 0, , , 
~ ( l a ) 

*The flow a n a l y s i s d i s c u s s e d in th is s e c t i o n w a s p e r f o r m e d by D r . L iu , 
A s s o c i a t e P r o f e s s o r of N o r t h w e s t e r n U n i v e r s i t y . S u b s e q u e n t l y , it 
was b rough t to the a t t en t ion of the a u t h o r s tha t e s s e n t i a l l y s i m i l a r 
r e s u l t s w e r e d e r i v e d r e c e n t l y by o t h e r w o r k e r s ( 5 - 7 ) and w e r e a v a i l 
able in r e p o r t or note f o r m . 
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V X E = 0; 

V • B = 0; 

^ Vx B = j . 
Me ~ ~ 

( l b ) 

Ic 

( Id) 

ii 
- ELECTRODES 

Fig. 2 

Schennatic Diagram of Magneto
hydrodynamic Channel 

^ S I D E WALL 

If the Hall effect is neglected, Ohm's law for a moving medium can 
be written as 

^ = a(E + y X 6). 

The hydrodynamic equations to be satisfied are as follows; 

Equation of Continuity 

V • U = 0-

Momentum Equation 

p - ^ = -Vp + j^ X B + fiV^U + pg, 

(2) 

dt 

(3) 

(4) 

where 

— = 4 + y V 
dt St ^ 

is the substantial derivative. 

Equations (1) and (2) can be combined to yield the induction 

equation 
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• V^B + V X (U X B) = 0, (5) 

which describes the variation of the magnetic field. Thus Eqs. (3), (4), and 
(5) are the set of governing equations that have to be solved for the 
specified boundary conditions. 

In Ohm's law, the first term on the right-hand side of Eq. (2) is 
the electric field due to the charge distribution. The second t e rm is the 
induced emf field that is due to the motion of a conductor across a mag
netic field. The equation for the induced emf can be written 

/ U x B • ds. 

for which E^ depends on the velocity distribution. Since the velocity 
component w is in the z direction and is a function of y only, it can be 
assumed that the electric field E is in the x direction only and, at most, 
may depend on y. 

The viscosity of the fluid retards the flow near the wall. With no 
magnetic field, the velocity will have a parabolic distribution as shown 
schematically in Fig. 3. The effect of the magnetic field is to give r ise 
to a magnetic force j x B, which is equivalent to a tension B^/2 along the 
lines of force together with an equal pressure t ransverse to them. (This 
is the form usually quoted for the Maxwell s t resses . ) Therefore, the field 
produces an additional pressure on fluid motion perpendicular to the lines 
of force, and the velocity distribution is flattened when a conducting fluid 
moves in a t ransverse field. 

NO MAGNETIC FIELD 

^WITH MAGNETIC FIELD 
Fig. 3 

Schematic Diagram of 
Velocity Distribution 

Since the induced emf depends on the velocity distribution, it will 
also decrease near the walls and will have a distribution similar to that 
of the velocity. Due to the induced epif, a current will flow in the x 
direction which will, in turn, cause an induced magnetic field around it. 
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MeO 

1 

Me° 

1 

dy^ 

d 'By 

dy^ 

d ^ B , 

B a s e d upon the a s s u m p t i o n s s t a t e d p r e v i o u s l y , 

B = i x B x ( y ) + i y B y ( y ) + i z B z ( y ) . 

and 

y = izw(y), 

w h e r e i^, i,y, and i ^ a r e un i t v e c t o r s in x, y, and z d i r e c t i o n s , 
r e s p e c t i v e l y . Then Eq . (5) h a s the following c o m p o n e n t s : 

1 d^B„ ,, , 

^ = 0; (6a) 

= 0; (6b) 

— f- + - ^ ( w B y ) = 0. (6c) 

Me° dy^ dy ' 

I n t e g r a t i o n of Eq . (6a) y i e l d s 

Bx = C,y + C^. 

The only m a g n e t i c f ield ou t s ide the r eg ion is the u n i f o r m l y a p p l i e d 
f ie ld B Q , wh ich is in the y d i r e c t i o n ; t h u s , 

Bx = 0 a t y = + b . 
T h e r e f o r e , 

Bx = 0-

I n t e g r a t i o n of Eq . (6b) y i e l d s 

By = Cjy + C4. 

The b o u n d a r y condi t ion is 

By = Bo a t y = + b ; 

t h e r e f o r e , 

C3 = 0, 

and 

C4 = B ^ . 



16 

Hence, 

B = 0, Bo, B2(y). 

The current density can be calculated from Eq. (Id). The only nonvanishing 
component is 

1 dB^ 

The electric field intensity E is given by Ohm's law. Again, the 
only nonvanishing component is 

1 dBz 
fl^a dy 

+ wBo- (8) 

The first two of the Maxwell equations indicate that dEx/dy = 0. Therefore 
E^ is a constant. Integration of Eq. (6c) yields 

1 dB^ 
+ wB„ = C = . ^J•e° d y 

Comparison with Eq. (8) indicates that C5 is the constant electr ic field E 

The velocity field can be calculated from the Momemtum Equation. 
By assumptions (l) and (2) from page 12, the left-hand side of Eq. (4) 
vanishes; therefore, 

• dT = °' (9a) 

3p , Bz SB^ 

5y ~ "§7 ' (9b) 

dp „ ^ Bo S B ^ 2̂ 
-^- P^ ^TT^^ ^^ = °- (9c) 

Equation (9a) indicates that the p ressu re is constant in the x 
direction, while a hydrostatic p ressu re gradient across the channel is 
caused by the induced magnetic field B^. Integration of Eq. (9b) yields 

P + Bi/(2^e) = C,. 

Since , 

B2 = 0 at y = 0, 
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C(, i s the p r e s s u r e p at the c e n t e r of the c h a n n e l . T h e r e f o r e , 

Pc - P = B'2/(2Me). 

E q u a t i o n s (9c) and (6c) c o n s i s t of a s y s t e m of two equa t i ons for the 
two unknowns w and B , ; i . e . , 

_ ^ 1 ^ , Bo ^ = 0; 
MeO dy^ dy 

•it^^h^ ,e dy '̂  dy^ 

The b o u n d a r y cond i t i ons a r e 

w = 0 a t y = +b, 

and 

B ^ = 0 a t y = 0. 

E l i m i n a t i o n of d B z / d y f r o m Eq. (9c) r e s u l t s in 

d^w 
•(•|f- + Pg) + oBo ^Ex - wBo] ^^i^ = °-

Since 

Ha^ = ob^B^o//i, 

then the so lu t ion is 

/ ^ x 1 dp 1 \ A c o s h [ H a ( y ) / b ] ' \ 

V B O ' o B | , Sz " oB^o ^^' ^ ' ^ " s ' ^ H a I' 

F r o m Eq . (8), 

(6c) 

(9c) 

(10) 

(11) 

- — ^ = Oii^ (Ex - W B Q ) . 

If Eq . (11) i s s u b s t i t u t e d into the above equa t ion and the r e s u l t i s i n t e g r a t e d , 
the e x p r e s s i o n for B^. b e c o m e s 

Bz = Me rii * -)' * M'^'^ T I - "S 
\ s inh[Ha(y 
y c o s h H 

(y ) /b ] 

(12) 
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F r o m Eq. (7), 

1 d B , 
J> ^̂ e dy 

Dif ferent ia t ion of Eq. (12) y i e ld s 

± (^ . .A ,^(aB.K. -^-P.) - -^[»-l^)AJ. (13) 

The m a s s flow r a t e is 

/•+b 
M = 2ap I wdy. 

Since M / 4 a b p is the m e a n ve loc i ty U,^. when Eq. (11) for w is s u b s t i t u t e d 
into the above equat ion for m a s s flow r a t e and the r e s u l t i s i n t e g r a t e d , the 
e x p r e s s i o n for Uj^ b e c o m e s 

Ex 1 Sp 1 \ , tanh Ha , , . , . 
U ^ = I ^ - -zzr - s ^ - -ST Pg ! 1 5 7 — • (14) ,Bo - oBl ' ^ ' ^ '^^ J ' Ha 

The total c u r r e n t Ix is 

-+b / -L r+h / -L 
Ix = / / jxd ^dy dz. 

-b ^0 

Subst i tut ing Eq. (13) for j , ^ into the above equat ion and i n t e g r a t i n g give 

'- ~-^[{^' p^) 'w. (°̂ °̂ - - i - ĝ)̂ "̂̂ "-]• 
El imina t ion of (dp/dz) + pg by m e a n s of Eq . (14) y i e l d s 

Ix = 2bLo(Ex - UmBo) . (15) 

Eq. (15), the i n t e g r a t e d fo rm of O h m ' s law, i n d i c a t e s tha t the 
c u r r e n t g e n e r a t e d is independent of the d e t a i l e d ve loc i ty d i s t r i b u t i o n . 

F o r s imp l i c i ty , the idea l c a s e is c o n s i d e r e d ; n a m e l y , the w a l l s a r e 
not conducting and t h e r e a r e no l o s s e s . To d e t e r m i n e the e l e c t r i c f ie ld 
in tens i ty Ex, the e x t e r n a l load m u s t be spec i f i ed . Let Ro be the e x t e r n a l 
load, and Rj the i n t e rna l r e s i s t a n c e . F o r the idea l c a s e , the i n t e r n a l 
r e s i s t a n c e is that of the fluid; t h u s , 

Rj = 2 a / 2 b L a = a / b L a . 
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Kirchoff's law requires that the generated emf, which is 2aUmBo. 
be equal to the total IR loss of the circuit; thus, 

u^Bodx = ix(Ro + Ri); 

2aUmBo 

" Ro + Ri • 

Substitution of Eq. (16) into Eq. (15) yields 

f l - -^L_^ 
\ Ro + Ri/ 

UmBo-

(16) 

(17) 

The power output Po is 

r -a /4â U^mB'o 
Po = Ix 1 Exdx =1 — 

-'+a ^ ^ 

2 2 Ro/Ri 
= 4abLoBoUm ( I + R ^ / R . ) 2 -

1 + Ro/Ri 
1 1 

1 + Ro/RiJ 

(18) 

When the gravitational force is neglected,the pressure drop from Eq. (14) 

becomes 

oz 
Ha 

Ha - tanh Ha " 1 + Ri/Ro 

The total pressure drop Ap is thus 

-Ap = - | 2 . L = oB^LUr 

The required power for the flow is 

Ha 
Ha - tanh Ha 1 + Ri/Ro 

Pp = 4abUm{-'^P) = 4abLoBiU| 
Ha 

Ha - tanh Ha 
1 +; 

R l 

The efficiency e is 

p (Ro/Ri) (Ha/tanh Ha - 1) 

Pp " (Ro/Ri + l)(Ro/Ri + Ha/tanh Ha) 

(19) 

(20) 

( 2 1 ) 

(22) 

For a liquid metal generator, 

Ha » 1 
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a n d 

Then 

a n d 

^ . 1. 
Ha - t a n h Ha 

-Ap ^ a B i L U n , [1 - (1 + R i / R o ) - ' ] = oB^oLU^ (1 + R o / R i ) ' ' . ( 2 0 a ) 

. R o / R i 

R o / R i + 1 
(22a) 

The foregoing a n a l y s i s was for an idea l g e n e r a t o r . In add i t ion to 
the a s s u m p t i o n s s ta ted , addi t iona l i n h e r e n t a s s u m p t i o n s a r e t h a t the wal l s 
a r e p e r f e c t i n s u l a t o r s , no contac t r e s i s t a n c e e x i s t s b e t w e e n the fluid and 
the e l e c t r o d e , and t h e r e a r e no end l o s s e s due to e n d - c u r r e n t l o o p s . F o r 
the ideal g e n e r a t o r , the vol tage be tween the two e l e c t r o d e s is ob ta ined by 
in tegra t ing Eq. (17). That i s , 

' + a 
V 1 -

Rl 

Ro + Ri. 
UmBndx. 

By defini t ion, 

7 = R o / R i . 

a n d 

T) loading fac tor 7 
1 + 7 

V t e r m i n a l vo l t age 
induced emf 

T h e r e f o r e , 

V = 2a7)UmBo. 

S i m i l a r l y , it can be shown that the to ta l c u r r e n t is 

I = 2bL( l - r , )oUmBo; 

t h e r e f o r e , 

Pg = VI = 4abLTi(l - r ) ) a u ! „ B ^ . 

(23) 

(24) 

(25) 

(26) 

(27) 

(28) 
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The electr ical load is conveniently character ized by the external 
res is tance RQ as follows: 

^_V_, 2aoUmBo (29) 
° I 2bL(l -Tj)aUmBo 

= _I1 2a_ (30) 
1 - T) 2bLa 

Since 

_ 2 a _ = R = ^ L . (31) 
2bLa "• ^ l--n 

From Eq. (20a), the p ressu re drop across the channel is 

-Ap = (1 -r))LoUn,B^o- (^^' 

B. The Nonideal Generator 

For the nonideal generator, three additional factors must be in
cluded to make the analysis applicable to the uncompensated experimental 
generator studied in this investigation. The first factor is the end effect 
produced by shunting the generator output by the fluid upstream and down
s t ream from the electrodes; the second is the loading introduced by the 
conducting walls; the third is the reaction magnetic field developed in the 
direction of the applied field. In addition, allowance must be made for 
constant resis tance between the working fluid and the generator duct walls. 

1. End Losses 

The end-loss problem was studied by Sutton £t_aL^'-^z for 
various electrode and magnetic field configurations, and with the assump
tion of small magnetic Reynolds number. For the case in which the mag
netic field terminates at the end of the electrodes and with an aspect ratio 
grea ter than about 0.3, the following results were given: 

V = T)'(2a)UmBo; (^3) 

Voc = 2aUmBo[l+(2 ln2)/c7T]-' (34) 

c = L/(2a) = aspect ratio; 

I = 2bLaUmBo {1 -T5'[l+{2 In2)/c7r]}. (35) 

Upon comparison of Eqs. (35) and 27), it is apparent that (2 In2)/c7r 
is a t e rm which cor rec ts for the end losses , and T)' defines the new loading 
factor for the nonideal generator . It can be shown from circuit analysis that 
the end loss is equivalent to a shunt resis tance Rg whose magnitude is 
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, CTT 

^e = HTT^ 

As the a s p e c t r a t i o i n c r e a s e s , th i s t e r m b e c o m e s n e g l i g i b l e and the above 

equa t ions should b e c o m e iden t i ca l to the idea l c a s e . 

The va lue of r)' is ob ta ined a s b e f o r e . 

Tl '(2a)U,nBo 
^ ° " 2bLoUmBo {1 - ^' [1 + (2 In 2)/c7rJ} 

nl^ ^-- (36) 
1 - r ) ' [1 + (2 ln2)/cTr] 

T h e r e f o r e , 

ii , i+iiniv'=f-^+i + iiii^y. (37) 
CTT / V R n C7T / 

S i m i l a r l y , it can be shown that for an exponen t i a l decay in f ie ld s t r e n g t h the 
loading fac to r is 

1 + ( 2 P i / c . ) ^33^ 

^ 1/7 + 1 + [(2 ln2)/c7T] ' 

w h e r e ^ i i s a fac to r defined by Sutton et al.^ 3) vvhich a c c o u n t s for the 
i n c r e a s e in e l e c t r o d e c u r r e n t due to the e x t e n s i o n of the m a g n e t i c f ie ld . 
When c i s v e r y l a r g e , the end l o s s e s b e c o m e neg l ig ib l e and 

T]' = ( 1 / 7 + 1 ) - ' = 71. (39) 

When RQ = "=, i . e . , I = o (open c i r c u i t ) , 

T]' = [1 + (2 ln2) /c7T]- ' , (40) 

and 

2aUj^Bo V = m o . , 

1 + [(2 ln2)/cTr] °''- ^ ' 

The p r e s s u r e d rop a c r o s s the flow channe l i s 

-Ap = (1 - TT)LaUmBj,. (42) 

2. Wall Ef fec ts * 

The wall ef fects a r e d e t e r m i n e d by s i m p l e c i r c u i t a n a l y s i s . 
With r e f e r e n c e to F i g . 4, 



23 

R. = internal res is tance of the generator 

= resis tance of NaK inside the channel 

2a (2.16)(2.54)(42) „ , ,n-«.„v,^. 

= 2bi:5 = (4)(2.54)(0.27)(2.54)(1Q'-) = " ' ^ " ^° ° ^ ' 

Ro = contact resis tance between NaK and electrodes; 

Rw = measured wall resis tance = 431.8 x 10" ohm; 
R B B " bus-bar resis tance between measuring points 1-1' and 

2-2 ' ; 

Rg)^ = shunt resis tance used for measuring current; 

Rgs = fixed resis tance as a part of load. 

" . / 2 

Fig. 4 

Electr ical Circuit of Experi
mental MHD Generator and 
Load 

The ser ies combination of the three external loads R B B . Rsh. 
and R is in paral lel with the wall resistance Rw and forms a combined 
external res is tance . This is in ser ies with the contact resistance between 
the electrode and the fluid, atnd forms a combined external resistance RQ-
That i s , 

3. Reaction Magnetic Field 

_i y. 
+ Rsh + R s s / 

(43) 

The analysis presented thus far is for a compensated generator . 
The generator studied in this experiment was, in a sense, almost totally 
compensated, since the major portion of the current flowed through the 
generator walls. Also, it can be shown that for a low magnetic Reynolds 
number (Rm < 1). the induced field and its resultant effect are negligible. 

Therefore, the general expressions for the nonideal generator 
(used in this investigation) become 
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V = 2aUmBc ,,URL, 
Ri(R^ + 2R^) 

I = 2bLaUjnBo 

Rc(Rw + 2Ro) + RQRW 

R,(2Rb + Rw) 

(44) 

Ri(2R[3 + Rw) +(l +^-^)(2Rt>Rc+RwRc+RwRo) 

a n d 

-Ap = aLUjnBc 

2 In 2 Ri(Rw + 2Rb) 

CTT ^ Rc(Rw + 2Rb) + RQRV 

2 In 2 
1 + + 

Ri(Rw + 2Rc 

(45) 

(46) 

CTT Rc(Rw + 2Rb) + RQRV 

where 

Rsh + Rss + R B B -

The pertinent dimensions of the generator used in the experi

mental investigation were (see Fig. 2) 

Wall thickness = — in. (stainless steel); 0^ = 10''/72 (ohm-cm)"'; 

4ba = cross-sectional area of channel = 0.583 in.^; 

2a = 2.16 in.; 

2b = 0.27 in.; 

L = length of electrode = 4 in. 

The magnetic field terminates at the ends of electrodes. 

The characteristics of conducting fluid NaK (at 75°F) are 

/i = 1.6 lb/(hr)(ft); 

p = 54.3 Ib/ft^ 

a = 10y42 (ohm-cm)"'. 

During the experimental investigation, data were taken in four 
series of tests. The conditions for each series resulted in different total 
external and internal load factors, which altered the performance character
istics of the generator. A detailed analysis of each test series is given in 
Section IV. 
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DUMP 
TANK 

EXPANSION 
TANK 

III. LABORATORY APPARATUS AND EXPERIMENTAL PROCEDURE 

A. General 

The experimental investigation was conducted on a basic NaK test 
loop which is schematically i l lustrated in Fig. 5. The loop was constructed 

from 2-in., Schedule 40, stainless 
steel pipe, and all individual com
ponents were of a welded design. 
All valves were made from stain
less steel and were of a bellows 
seal-globe type. 

The loop could be operated 
with either NaK or an NaK-Nj mix
ture. When operating with a two-
phase mixture, metered s t reams of 
NaK and dry nitrogen were combined 
in the mixing section. After passing 
through the test section, the two-

TEST 
SECTION 

GAS 
INJECTOR 

FLOWMETER 

Fig. 5. Schematic Diagram of 
Experimental Loop 

phase s t ream entered the separator where the nitrogen was removed and 
expelled to the atmosphere. The NaK flowed to the expansion tank and on 
to the pump. The dump tanks served as storage tanks for the NaK when 
the loop was not in operation, and as a safety feature in the event of an 
emergency. For single-phase operation, the nitrogen flow was discontinued. 

Operational gas requirements were met by three independent ni t ro
gen systems: one to supply nitrogen to the gas injector; one to provide for 
the shaft-sealing arrangement on the pump; and one to provide a blanket 
gas for the system and to pressur ize the dump tanks to fill the system. 

B. Loop Components 

1. NaK Pump 

The NaK pump, shown schematically in Fig. 6, was of the 
vertically mounted centrifugal type, driven directly by a three-phase , 

PACKING GLAND "A 

PACKING GLAND "B" 

Fig. 6 

Schematic Diagram of 
NaK Pump 
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NaK leakage was prevented by maintaining a 0.5- to 1-psi p r e s 
sure differential between the high- and low-pressure sections of the 
specially-designed gas seal. The low pressure was that of the system 
blanket gas, approximately 1 psig. The high and low p r e s s u r e s , as well 
as the breather tank pressure and dump tank p r e s su re , were read on 
compound Bourdon gages which had been calibrated against a mercury 
manometer. 

Shaft seals "A" and "B" were of the packing gland type, with 
an asbestos-graphite packing. Nitrogen leaked to the atmosphere through 
gland "A". The introduction of gas to the NaK s t ream through gland "B" 
was negligible. No voids were detected in the test section when the system 
was operated with single-phase NaK flov/. 

2. Electromagnetic Flowmeter 

An electromagnetic flowmeter was constructed by mounting a 
permanent magnet on a section of straight pipe and welding two electrodes 
to the pipe, so that the electrodes were perpendicular to the pipe and to 
the magnetic field. 

The output of the flowmeter was fed through a ten-to-one ampli
fier to a Brown recorder which was equipped with a 0- to 10-mV bucking 
voltage. The flowmeter was calibrated against an orifice introduced in the 
system specifically for this purpose. Calibrations on two separate occasions 
over different flow ranges yielded the expected linear relationship of flow
meter output versus flow rate 

3. Gas Injector and Supply 

The gas injector consisted of a short length of perforated 2-in. 
stainless steel pipe surrounded by a concentric length of 5-in. pipe. The 
annulus was blanked off at each end. 

Nitrogen entered the annulus through four radial ly-spaced, 
-j-in. stainless steel tubes, and merged with the vertically-flowing NaK 
stream through 165 holes spaced around and along the inner pipe. 

The gas was supplied from standard "bottles," through a 
drier and filter, and then through one of two paral lel orifices to a mani
fold which distributed the nitrogen to the four tubes leading to the injector. 
The gas flow was metered by means of a se r ies of orifices. P r e s s u r e 
drop across the gas orifices was measured by a 0- to 5-psig Statham 
transducer; the output was fed to a Brgwn recorder . The t ransducer was 
initially calibrated against a mercury manometer . 
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4. NaK-N; Separator 

The separator consisted of a cylindrical tank mounted at a 
slight angle to the horizontal. The capacity of the tank was large enough 
to permi t the incoming two-phase mixture to decrease in velocity and 
thus allow the gas to escape. The nitrogen traveled along the top of the 
cylindrical tank and up the breather pipe to the breather tank where it 
was bled to the atmosphere. 

The brea ther tank was provided with a pressure-equal iz ing 
line to the expansion tank to maintain a relatively constant NaK level be
tween the separator and the expansion tank. A drain line was added to the 
expansion tank to collect any NaK carryover by the breather pipe. Other 
components included baffles to prevent NaK from splashing into the equal
izing and bleed l ines, and a spark plug-type level indicator to tr ip an 
a la rm if NaK built up in the tank. 

5. Expansion Tank 

The expansion tank was located in the flow path between the 
separa tor and the pump. NaK entered the bottom of the tank, passed 
around baffles to prevent splashing, and continued to the pump through 
an outlet at the rea r . Observation ports provided visual indication of 
liquid level during loop operation and when the system was being filled. 

Three -L-in. pipe lines entered the top of the tank as follows: 
(1) a line to the system blanket gas supply; (2) a drain line from the 
breather tank; and (3) a pressure-equal iz ing line to the breather tank. 
Any gas not removed by the separator could have been removed in the 
expansion tank, where it would be passed through the equalizing line to 
the brea ther tank. 

6. Dump Tanks 

The dump tanks had a capacity of approximately 40 gallons. 
They were used to store the NaK when the loop was not in operation, and 
as a safety feature in the event of an emergency. The loop was filled by 
pressur iz ing the tanks with nitrogen. 

The tanks also served as an oxide-purging system. The 
oxides that formed in the NaK during operation tended to collect in the 
dump tanks. As the NaK was returned to the storage tanks after each 

ries of runs, the oxide deposits accumulated at the surface in the tanks. 
s e n 

7. MHD Generator Section 

The MHD generator section is i l lustrated schematically in 
Fig. 7. It consisted of a constant-area , rectangular channel installed be 
tween the magnet poles and connected to the loop by gradual contraction 
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2 - 7 / 1 6 X 4 

NOTE: ALL DIMENSIONS IN INCHES 

Fig. 7. Schematic Diagram of MHD 
Generator Section 

a n d e x p a n s i o n s e c t i o n s . T h e c h a n n e l 

w a s f a b r i c a t e d f r o m 0 . 0 3 1 - i n . - t h i c k 

s t a i n l e s s s t e e l p l a t e , w i t h i n s i d e 

d i m e n s i o n s of 0 . 2 7 x 2 . 1 6 i n . P o i n t s 

1 , 2 , a n d 3 i n d i c a t e t h e p o s i t i o n s of 

p r e s s u r e t a p s r e l a t i v e t o t h e m a g 

n e t i c f i e l d . V o i d f r a c t i o n m e a s u r e 

m e n t s w e r e t a k e n a b o v e a n d b e l o w 

t h e m a g n e t i c f i e l d i n t h e c o n s t a n t -

a r e a , r e c t a n g u l a r c h a n n e l . P r e s s u r e 

t a p s 3 a n d 4 w e r e l o c a t e d 2 i n . u p 

s t r e a m a n d d o w n s t r e a m , r e s p e c t i v e l y , 

of t h e f i e l d p o l e s t o m e a s u r e t h e t o t a l 

e f f e c t of t h e m a g n e t i c f i e l d . F i g u r e 8 

s h o w s t h e g e n e r a t o r t e s t s e c t i o n , t h e 

e l e c t r o m a g n e t , a n d t h e p h o t o m u l t i 

p l i e r t u b e a s s e m b l y . 

T h e m a g n e t w a s s e r i e s -

w o u n d w i t h w i n d i n g s of 4-- x 4 - i n . 
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Fig. 8. MUD Gcner.itor Section. Electromagnet, and Pliotomultiplier Tube Assembly 
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Power for the D-C electromagnet was supplied by a th ree -
phase, 440-volt rectifier with a maximum output of 3000 Amp at 2 V. 
Current output was controlled with a "stepper-switch" on the power 
supply. This resul ted in current being available at certain discrete values 
which could be obtained consistently and which remained relatively constant 
during each test run. Current output was determined by measuring the 
potential drop across a known shunt resis tance with a Brown recorder . 

Before the test section was placed in the loop, a curve of 
average magnetic field strength versus current input was determined with 
a Gaussmeter (a di rect- reading, t ransis tor ized instrument which operated 
on the Hall effect principle and had a range of 50 kilogauss). The probe 
used to determine the field strength was initially calibrated against a 
1000-Gauss reference magnet. Field strength was recorded at 24 points 
over the a rea of the pole face and midway between the poles. The field 
was essentially uniform across the pole. This is well within the accuracy 
of the determination because of the criticality of the angle of the face of 
the probe with respect to the pole face. Fringing effects could not be de
termined accurately because of the finite size of the probe. However, in
dications were that the field strength fell off rapidly. Therefore, the 
assumption of a uniform field with abrupt edges was considered to be 
justified. 

The p r e s su re drop across the generator section was measured 
by either a ±1- or a ±15-psi Statham transducer , depending upon test 
conditions. The t ransducers were initially calibrated against a water 
manometer and a mercury manometer, respectively. Transducer output 
was read on a Brown recorder . 

Because of the hazards posed by bleeding NaK to the a tmos
phere, and because of the problems which would be encountered if NaK 
had to'be removed from the t ransducer , the system of pots shown in 
Fig. 9 was devised. NaK was bled from the p ressure taps into the pots 
which contained kerosene. When the system was in operation, p ressure 
was t ransmit ted through the NaK-kerosene interfaces in the pots to the 
t ransducer . 

TO MIGH-PRESSUfiE TAP 

t 

TO LOW-PRESSURE TAP 

t 

f ^ I )-

Fig. 9 

System for Measuring P r e s s u r e 
Drop in Test Section 
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The po t s w e r e c o n s t r u c t e d f r o m 2 - in . P y r e x p ipe f i t t i ngs ; the 
ends w e r e b lanked off wi th s t a i n l e s s s t e e l p l a t e s and s e a l e d wi th Buna N 
O - r i n g s . S t a i n l e s s s t e e l tubing (0 .25- in . O.D.) was u s e d to i n t e r c o n n e c t 
the p r e s s u r e t a p s , p o t s , and t r a n s d u c e r . Need le v a l v e s wi th a s b e s t o s -
g r a p h i t e pack ing w e r e u s e d in the NaK l i n e s ; T e f l o n - p a c k e d v a l v e s w e r e 
i n s t a l l e d in the k e r o s e n e l i n e s . 

The void f r ac t ion be fo re and a f te r the m a g n e t i c f ie ld in the 
g e n e r a t o r sec t ion was d e t e r m i n e d by the g a m m a - r a y a t t e n u a t i o n t e c h 
n i q u e . ( l ^ ' 1 5 ) E s s e n t i a l l y , the t echn ique c o n s i s t s of p l ac ing a g a m m a - r a y 
s o u r c e on one s ide of the t e s t sec t ion , and a c o l l i m a t o r , s c i n t i l l a t i o n 
c r y s t a l , and p h o t o m u l t i p l i e r tube on the o t h e r . The output of the tube i s 
a function of the u n a t t e n u a t e d p o r t i o n of the g a m m a r a y s . The s o u r c e 
w a s t h u l i u m - 1 7 0 r a t e d at about 20 r / h r a t a d i s t a n c e of 2 in. The output 
of the p h o t o m u l t i p l i e r tube was fed t h rough a c u r r e n t a m p l i f i e r to a 
Brown r e c o r d e r . 

In i t ia l ly , m e a s u r e m e n t s w e r e m a d e by the " o n e - s h o t " 
t echn ique to obtain s o m e idea of the effect of the m a g n e t i c f ield on the 
void f r ac t ion . L a t e r , the m o r e a c c u r a t e t r a v e r s i n g t e chn ique was 
employed . 

In the " o n e - s h o t " m e t h o d , the s o u r c e and the p h o t o m u l t i p l i e r 
tube a s s e m b l y a r e s t a t i o n a r y wi th r e s p e c t to , and c e n t e r e d on the t e s t 
s ec t ion . A c o l l i m a t o r wi th a window s l ight ly w i d e r than the wid th of the 
channel is employed . The a v e r a g e void f r ac t ion is d e t e r m i n e d f r o m the 
r e l a t i o n 

a = ln (Vo/Vf ) / ln (Ve /Vf ) , 

w h e r e 

V 

a - void f r ac t ion , 

g = output vo l tage for empty channe l ; 

'f = output vo l tage for channel f i l led wi th l iquid ; 

output vo l tage for channel f i l led with t w o - p h a s e m i x t u r e . 

In the t r a v e r s i n g t echn ique , the s o u r c e and the d e t e c t o r a s 
s e m b l y wi th a n a r r o w c o l l i m a t o r t r a v e r s e the t e s t s e c t i o n a t c o n s t a n t 
speed . T r a c e s of the vo l tage output a r e t a k e n u n d e r e m p t y , ful l , and 
t w o - p h a s e cond i t ions . Loca l void f r ac t i ons a r e then c o m p u t e d f r o m the 
r e l a t i o n shown above . This t echn ique offers the a d v a n t a g e of y ie ld ing 
the void d i s t r i b u t i o n a c r o s s the channe l . A v e r a g e void f r a c t i o n s a r e 
d e t e r m i n e d by n u m e r i c a l i n t e g r a t i o n . 
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IV. DISCUSSION OF RESULTS 

The data were obtained in four ser ies of tes ts : (1) NaK flowing 
through the generator with an open circuit (no external loads); (2) NaK flow
ing through the loaded generator ; (3) NaK-Nj flowing through the generator 
with an open circuit ; and (4) NaK-Nz flowing through the loaded generator . 
The open-circui t condition is not a true open circuit , since the walls of the 
generator a re conducting and, therefore, a net current flow exists even 
though the external loop is open. 

Before the experimental investigation was started, tes ts were nnade 
to establish the effective wall res is tance , since the generator walls were 
conducting. A voltage was applied ac ross the generator , and the current 
was measured . The res is tance was then computed. The contact res is tance 
between the wall and the NaK was assumed to be zero. This assumption was 
based on experience with electromagnetic pumps where this condition was 
ultimately achieved after prolonged recirculat ion. The computed values were 

) ' ^ ohm; 

Ro = 0 ohm. 

The combined external load res is tance was determined to be 

Rsh + Rss = 1306.1 X 10*' ohm, 

R B B 

The measured and calculated res is tances were used in conjunction 
with Eqs . (44), (45), and (46) to calculate the theoretical generator perform
ance. The theoret ical performance charac ter i s t ics of the generator are 
compared with the data in the following paragraphs . 

A. Test Series I: NaK (Open Circuit) 

In this test s e r i e s , the NaK flow rate and the magnetic field intensity 
were varied, and the voltage drop across the generator was measured at 
position 1 (see Fig. 4). The p re s su re drop across the generator was also 
measured . Under these conditions, R B B . Rsh. and Rgs are set equal to oo, 
and the load on the generator becomes 

Ro = Ro + Rw/2 = 215.9 X 10"' ohm. (47) 

According to the dimensions of the generator , the end-loss correct ion 

t e rm is 

l i H i . ^]-\ -. 0.239. 
CTT 4 7 T / 2 . 1 6 
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The voltage Vj which corresponds to the position of measurement becomes 

Vi = V - IRc 

= V - R O ( 2 V I / R ^ ) 

= [1 4- ( 2 R C / R W ) ] " ' V . (48) 

Substituting in Eq. (48) with RQ given by Eq. (47) produces 

V i = 2 a U „ B o / ( l + ^ ^ 
Ri 

+ 1 -F 
2 In 2 

[Rc + (Rw/2) 

Substituting the values for the resis tances in Eq. (49) produces 

2aUmBo 
^1 - — - - ̂ —(with end-loss correction), 

1.395 

and 

V, 
2aU B m o 

1.156 

The loading factor is given by 

(without end-loss correction) 

(49) 

(50) 

(51) 

Tl' = [1 -F (Ri/Ro) + 0.239]"' = 0.717 (with end-loss correction); 

V [1 -F (Ri/Ro)] ' = 0.865 (without end-loss correction) 

(52) 

(53) 

The voltages computed from Eqs. (50) and (51) are compared with 
the experimental data in Figs. 10, 11, 12, and 13. The calculated values are 
represented by the solid and dashed curves; the latter indicate that the end 
losses have been neglected. As can be seen, the agreement between data 
and theory which takes into consideration the end losses is excellent. Thus 
the use of the end-loss factor (2 1n2)/c7T recommended by Sutton for an 
abrupt termination of the magnetic field at the electrode end appears to be 
valid and quite accurate. (The applied magnetic field ac ross the generator 
did terminate abruptly.) On the other hand, comparison of the data with the 
loading factor derived for an exponential field decay, Eq. (38), indicates 
further deviation from the calculated values. This is shown in Fig. 10 for 
Bo = 8800 Gauss. When the end losses are neglected, the measured voltage 
drop is about 15-20% below the calculated values. The slight deviation of 
the data points at low Gauss field and high NaK flow ra tes is because the 
magnetic field was not stabilized and because of the sequence in which the 
data were taken. Initial tests were made when the NaK flow rate was at a max
imum and the initial magnet temperature was at a minimum. As the test 
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s e q u e n c e p r o g r e s s e d , the t e m p e r a t u r e of the m a g n e t winding i n c r e a s e d and 
t h e r e f o r e the m a g n e t i c f ield s t r e n g t h d e c r e a s e d s l igh t ly . E v e n t u a l l y , the 
m a g n e t t e m p e r a t u r e and field s t r e n g t h s t a b i l i z e d , and th i s va lue is the one 
l i s t e d on the f i g u r e s . The m a g n e t i c field i s a c t u a l l y s l igh t ly h i g h e r for the 
h igh - f low da t a p o i n t s , and t h i s i s thought to be the r e a s o n for the s l ight d e v i a t i o n . 
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Fig. 10. Comparison of Calculated and Meas
ured Voltage: Test Series t Bo ' 
8800, 6400. and 4350 Gauss 

Fig. 11. Comparison of Calculated and 
Measured Voltage; Test Series t 
Bn = 8450 Gauss 

NaK FLOW RATE. I b / m i r 

Fig. 12. Comparison of Calculated and 
Measured Voltage; Test Series I; 
Bo ' 7940 Gauss 

NOK FLOW RATE I b / m i n 

Fig. 13. Comparison of Calculated and 
Measured Voluge; Test Series L 
Bn = 7320 Gauss 
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The pressure drop was computed by substituting into Eq. (42) the value of 
T)' and T] given by Eqs. (52) and (53). The calculated and the measured p r e s 
sure drops are compared in Figs. 14 to 17. The dashed curve represents 
the calculated pressure drop without the end-loss factors. As can be seen, 
the data lie near the calculated p ressu re drop that incorporates end-loss 
factors. As the magnetic field intensity increases , the data tend to fall mid
way between the two calculated p ressure -drop curves which, in themselves, 
differ by almost a factor of two. The use of an exponential field decay causes 
an additional large deviation between data and theory. The calculated p r e s 
sure drop is 18% greater for exponential decay field than for abrupt field 
termmation, as shown m Fig. 14 for BQ = 8800 Gauss. The cause of the de
viation between the measured and calculated p ressu re drops is unknown. The 
measured values may be in e r ro r , since numerous difficulties were en
countered in the instrumentation. Further tes ts are planned to check out the 
deviation. 

B . Test Series II: NaK (Closed Circuit) 

In this ser ies of runs, the two external loads Rgh and Rgg were placed 
in the outer circuit and the voltage V^, current I2, and pressure drop were 
measured as the flow rate and the magnetic field were varied. 

With reference to the circuit diagram (Fig. 4), the external load is 

Ro = Rr + (r^— + T̂  ;̂  ;^;—I . 
° '̂  \Rw R B B + Rsh + R s s / 

Substitution of the measured values of res is tances in this equation yields 

RQ = 187,3 X 10 '̂  ohm 

The loading factor is given by 

T]' = [1 -f (Ri/Ro) + 0.239]"' 

= 0.705 (with end-loss correction); (54) 

T) = [1 -F (Ri/Ro)]- ' 

= 0.848 (without end-loss correction). (55) 

The voltage Vj is given by 

V3 = v , f ^-^^^-- ] ' 
' \ R B B + Rsh + R s s / 



w h e r e 

V , = V - IRo = r , ' ( 2 a ) U ^ B o - (2Iw-Fl2)Rc 
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î -T 1 

^ 1 1 1 
l~~~~p'—B • 8 8 0 0 

l ^ ^ 

/ (~ 0̂ ' * * ° ° 
J / " - -^8800 

/ /» 

. 
' -̂  .^ 

V e • 6 4 0 0 ~" 

1 1 1 1 
0 20 40 60 80 100 120 140 160 

NOK FLOW RATE. I P / m i n 

Fig. 14. Comparison of Calculated and Measured 
Pressure Drop; Test Series t BQ = 8800 
and 6400 Gauss 

\ 
<3 

< 

D
R

O
P

 
P

R
E

S
S

U
R

E
 

14 

12 

10 

8 

6 

4 

Z 

-

-

1 

/ D 

1 

y 
/ 

1 

D 

O 

1 

1 

0 

o 

o 

1 

/ 

o 

1 1 
B^ • 8 4 5 0 

/ 
4 3 5 0 „ - - - ^ 

O 

4 3 5 0 -

1 1 

-

-
-

-
^-

^ 

0 20 40 60 80 ' 0 0 120 140 1*0 

NaK FLOW RATE, I b / m i n 

Fig. 15. Comparison of Calculated and Measured 
Pressure Drop; TestSeries I: BQ - 8450 
and 4350 Gauss 

— 

-

-

-

-

— 

1 

1 

V 

/ 

i 1 1 

T / 

1 1 1 

T 

/ 

1 

/ 

1 

1 

y 

1 

-

-

-

— 

20 40 60 80 100 120 140 

NOK FLOW RATE, I b / m i n 

Fig. 16. Comparison of Calculated and Meas
ured Pressure Drop; Test Series I: 
Bo = 7940 Gauss 

-
" 
< 
1 

< 
o 

o 
u 

3 
in 

•̂  

1? 

10 

s 

6 

2 

-

~ 

1 

/ • 
' 1 

1 

/ 
y 

1 

• 
y 

1 

• 

y 

1 1 

• 
• 

y 
X 

1 1 

1 

_ 

-

1 
0 20 40 60 80 100 120 140 

NOK FuOW RATE, I b / m . n 

Fig. 17. Comparison of Calculated and Meas
ured Pressure Drop; Test Series t 
Bn = 7320 Gauss 



36 

Therefore 

Rsh + Rss 
^RBB + Rsh + Rss 

2Rr 
1 -F 

R B B + Rsh + Rss 

x(2aT,'UinBo). (56) 

Substituting the numerical values of the res is tances in Eq. (56) yields 

2aU^B„ 
V, = (with end-loss correction;; 
^ 1.522 ^ 

(57) 

1.266 
(without end-loss correction). (58) 

The data for the closed-circuit condition and Eqs. (57) and (58) are com
pared in Figs. 18 to 21; the agreement is excellent. Again, when the end 
losses are excluded, the experimental data fall below the calculated 
values. As in Test Series I, a slight deviation at the higher flow rates is 
evident. 

20 40 eo 80 100 120 140 160 
NQK FLOW RATE, Ib/min 

20 40 60 eo 100 120 
NOK FLOiiV RATE, Ib/min 

Fig. 18. Comparison of Calculated 
and Measured Voltage; 
Test Series II: BQ = 8900, 
6500, and 4350 Gauss 

Fig. 19. Comparison of Calcu
lated and Measured 
Voltage: Test Series II: 
Bo = 8500 Gauss 
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The current , I2, was computed from the relationships 

Rsh + Rss 
(with end-loss correction!; (59) 

Rsh + Rs 
(without end-loss correction) (60) 

A comparison between the calculated and measured current is shown in 
Figs 22 to 25; the agreement is good. If the exponential field decay is taken 
into consideration, the measured current is about 17% below the calculated 
values shown in Fig. 22 for BQ = 8900 Gauss. 

The calculated and measured pressure drops are shown in Figs. 26 

to 29. 

The data from the first two ser ies of runs indicate that modification 
and extension of Hartmann's theory to the nonideal generator case does 
predict generator performance accurately. 
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C. T e s t S e r i e s 111: N a K - l l ; (Open C i r c u i t ) 

As men t ioned p r e v i o u s l y , the effect of the g a s e o u s p h a s e on g e n e r 
a to r p e r f o r m a n c e was of p r i m a r y i n t e r e s t in t h i s s tudy . E s s e n t i a l l y , the 
p r e s e n c e of the g a s e o u s p h a s e in the NaK r e d u c e s the fluid conduc t iv i ty 
which , in t u r n , r e d u c e s the g e n e r a t o r p e r f o r m a n c e . The ex t en t to which 
g e n e r a t o r p e r f o r m a n c e is r e d u c e d depends upon the r e l a t i v e effect of the 
g a s e o u s void f r ac t ion on the fluid ve loc i t y , conduc t iv i t y , and p r e s s u r e d r o p . 
T h e r e f o r e , the next two s e r i e s of r u n s w e r e a i m e d at e s t a b l i s h i n g the con
duct ivi ty of the NaK-N^ fluid, and the g e n e r a t o r p e r f o r m a n c e c h a r a c t e r i s t i c s 
over wide p a r a m e t e r r a n g e s . 

In Tes t S e r i e s III, the g e n e r a t o r w a s o p e r a t e d u n d e r o p e n - c i r c u i t 
cond i t ions . V a r i o u s a m o u n t s of Nj w e r e in j ec t ed into the NaK flowing 
th rough the g e n e r a t o r , and the vo l t age Vj j p and the void f r a c t i o n s w e r e 
m e a s u r e d . 

The NaK-N2 m i x t u r e w a s c o n s i d e r e d to have the fol lowing p r o p e r t i e s : 

Dens i ty ( P T P ) = (l - a ) P N a K + "^PN^S (^1) 

Specif ic Volume ( v ^ p ) = T, = r. -775 - - ^ — ; (62) 
P-YP (1 - a jPj^^j^ -I- Pf.j^ 

(MNaK + M ^ J ^ T P Mj^aK + ' ^ N , 
Ve loc i ty U T P = : -^ = —, ; r^ . 

'̂  -̂  A A ( l - a ) P i ^ ^ K + A a p j ^ ^ 

(63) 

If a < 0.9, 

( l - a ) P N a K » aPN^; 

h e n c e , ap j^ can be n e g l e c t e d . Then , 

UTTD = T-TZ - ^ ^ -̂  — 'ij-

NaK A ( l - " ) ^ N a K 

In the p r e s e n t e x p e r i m e n t , 

MNaK > M N ^ ; 

t h e r e f o r e . 

^ N a K 
T P = A ( l - a ) P N a K ^ T T T ' (64) 
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The voltage Vj ^pP '^ given by 

2aB„ [ U ^ / d - g ) ] 

^ ' • T P = [(l + 2 R c / R w ) ] ^ i , T P / R o + 1 + [(21n2)/c7T]}' 

where 

Rj j p = internal res is tance of the two-phase mixture. 

Since 

Ri ,TP " (a /a .pp)Ri 

and 

O •pp = conductivity of two-phase mixture, 

it follows that 

RQ = Rc + RwA = 215.9 x 10-' ohm. 

Equation (65) can be simplified to give 

(65) 

a 
2a B„ [U / ( 1 - a ) ] 

o l - m / ^ ' - - ' J 1.239 
Ojp 0.156Vi_TP 0.156 

(with end-loss correction); (66) 

o 

°TP 

2a B- [U / ( 1 - a ) ] , 
!i -tl _; (without end-loss correction). 

0.156Vi TP 0.156 ^ 
(67) 

The ratio of single-phase to two-phase conductivity was computed 
from the data by Eqs. (66) and (67). The results are shown in Figs. 30 and 
31. As can be seen, the conductivity of the two-phase mixture decreases 
rapidly as the void fraction increases . If the results shown in Fig. 30 are 
plotted on semi-logari thmic paper, a nearly straight line can be obtained. 
Hence, in the interval of 0.3 < (1 - a) < LO, the two-phase conductivity may 
be represented by the relationship 

a /a T P e 
3.8a (68) 

Also shown in Fig. 30 is the equation proposed by MaxwelP for comput
ing the effective conductivity for mixtures of fluids or powders. The or ig
inal Maxwell equation is 
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2 0 ; -I- Ol - Za.(Oz - Ol) 

2 02 + Ol + a( 02 - Ol) 
(69) 

where 

a' = conductivity of the mixture, 

a = ratio of the volume of the gas bubbles to that of the 
second medium, 

CTj = conductivity of the discontinuous phase, 

O2 = conductivity of the continuous phase. 

If it is assumed that the gas bubbles are solid spheres with zero conduc
tivity, and the fluid is a homogeneous mixture. Maxwell's equation reduces 

a' = [2 ( l -a )a2] / (2 + a ) . (70) 

This is the relationship plotted in Fig. 30. As can be seen, the deviation 
between the dataandEq. (70) is large. It is not surprising that the magnitude 
of the deviation is so large when the nature of the two-phase flow is com
pared to the assumption made by Maxwell in his derivation. 

EO. (69) V EQ. (7!) 

MAXWELL EO. 

DATA 

TEST 

0 

0 

Ck 

TEST 

V 

• 

B^ 

SERIES 

8 4 0 0 

8 2 5 0 

6 4 8 0 

SERIES 

8 4 0 0 

8 4 8 0 

U^ 

nn 
40 

40 

2 3 . 8 

xc 
4 0 

2 3 . 8 

_ 

--

-

~ 
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TEST 

0 

0 

^ 
TEST 

V 

• 

1 

SERIES 

8 4 0 0 

8 2 5 0 

6 4 B 0 

SERIES 

B 4 0 0 

6 4 6 0 

*^ 

U 

in 

4 0 

4 0 

2 3 . 8 

H 

4 0 

2 3 . 6 

--

V-

Fig. 30. Single-phase to Two-
phase Conductivity Ratio 
versus Void Fraction, 
with End-loss Correction 

Fig. 31. Single-phase to Two-
phase Conductivity Ratio 
versus Void Fraction 
without End-loss 
Correction 
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The two-phase conductivity data can also be approximated closely 
by the following simplified expression: 

^TP a{l-a)'/{l-a^). (71) 

The resul t s a re also plotted in Fig. 30. Equation (71) was derived by uti l iz
ing data obtained on the effective conductivity of metal sheets with various 
perforat ions. It has been reported in the l i terature that the effective con
ductivity of the metal sheets can be correlated by the following expression: 

Oeff = 0(1 - a ) ( l -I- a ) - ' -f K,(a). (72) 

The t e rm Ki(a) was dropped since its magnitude was extremely small . The 
res is tance of the NaK-N2 mixture in the MHD channel is 

RXP = 2a/(o-[;.p . 2bL). 

The res is tance of NaK (mixing with Nj), by using Eq. (72), is 

RNaK 
2a 2a 

Oeff • 2bL( l - a) " g. 2bL [ ( I - a ) y ( l - ( - a ) ] ' 
(73) 

R T P = RNaK-

Therefore, 

a ^ p = o [ ( l - a ) V ( l + a ) ] ; (74) 

or if the numerator and denominator are multiplied by (1 - a), the result is 

T P 
a [ ( l - a ) V ( l - a 2 ) ] . (75) 

In the limit a - 1, the two-phase conductivity becomes zero. 

D. Test Series IV- NaK-N; (Closed Circuit) 

The final se r ies of tes ts was made with the two-phase mixture flow
ing through the generator and the external res is tances R B B . Rsh- *"<J Rss 
in the circuit . Under these conditions the voltage is 

V2,TP = 
'( X h - X s ]/(, , i ^ , ^c \̂' 
VRBB + Rsh + Rss / / V Rw R B B + Rsh + Rss/_ 

(76) 
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Since 

2a 
^ i -TP = 2bL0TP " O T P ^ i ' 

Eq. (76) can be solved for the conductivity ratios 

o 0.932 { 2 a B j O ^ / ( l - a ) ] } 1^3^ 

0.180V2,TP ' 0.180 

^ \ ' 0,932 { 2 a B o ( U ^ / l - a ) } j 

' T P 
[with end-loss correction); 

(77) 

\°TPI 0.180V2 TP 0.180 
without end-loss 
correction). (78) 

The conductivity ratios were computed from Eqs. (77) and (78). The 
resul ts are also shown in Figs. 30 and 31. As can be seen, there is excellent 
agreement between the ratios derived from the two ser ies of runs. 

E. Variation of Generator Output with Void Fraction 

The change in the generator output with the fluid, gaseous, void 
volume fraction is shown in Fig. 32. The ordinate gives the power which is 
dissipated in the external resis tance and is therefore proportional to the 
total generator output. The power increases as the void fraction is in
creased. This occurs even though the two-phase conductivity decreases 
more rapidly than does the increase m velocity due to the presence of voids; 
that i s , in the range 0 < a < 0.75, 

' ' Tp (Um/ ( l - " )7 < ''U 

The increase in power with increasing void fraction can be seen to be due 
to the variation of loading on the generator, R o X i . T P . with void fraction (a). 
Since the generator power is given by 

4abL 
"TP 1- T)' 1 -h 

Un_2_y 
C TT / 

and since 

'TP 
-3 .8a 

and 
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/Xi 

X Ro 

" \ R o / R i 

T P ^ l , l I n 2 -I- 1 + 
' T P ^ o 

2 1 n 2 \ 
CTT / 

+ 1 + 
2 In 2 

) • ' • 

t h e n the g e n e r a t o r power b e c o m e s 

K i ( R i / R o ) 

^ (1 - a ) M ( R i / R o ) e ' -«^ + 1 + [( 2 In 2)/c7r ]}2 
(79) 

w h e r e 

K, = 4 a b L U ^ B o a . 

F o r a = 0, 

For =0 

K i ( R i / R o ) 

R i / R g -1- 1 -I- ( 2 In 2)/c7r 
(80) 

The p o w e r output of the g e n e r a t o r i s qui te s e n s i t i v e to the void v o l u m e 
f r a c t i o n and the i n i t i a l g e n e r a t o r loading R o / R i -

0 . 3 

0 . 2 

0. 1 

\ 
-

.•—-
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• 

_-»-^ 

1 

B400 
6460 

___,---•'̂  

1 

4 0 

2 3 . 8 

_^«-^''^ 

1 
0.2 0.3 0.4 0 5 0 6 0.7 

VOID FRACTION (O) 

F i g . 32 

Usab le P o w e r Output v e r s u s Void 
F r a c t i o n in T e s t S e r i e s IV 

A c l e a r e r p i c t u r e of the v a r i a t i o n of power wi th void f r ac t ion and 
R / R - can be ob t a ined f r o m F i g . 33 w h e r e the n o r m a l i z e d power r a t i o 

( P a / P a = o ) is p lo t ted a s a function of the void f r ac t ion . T h e s e c u r v e s w e r e 
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compu ted f rom E q s . (79) and (80) and the e m p i r i c a l a - p p - a r e l a t i o n s h i p 

given by Eq. (68). A family of c u r v e s r e p r e s e n t i n g v a r y i n g cond i t i ons of 

e x t e r n a l - t o - i n t e r n a l g e n e r a t o r 

load ings is ob ta ined . F o r in i t i a l 

load ings of R o / R i < 4 , the power 

output d r o p s as g a s e o u s vo ids a r e 

i n t r o d u c e d into the g e n e r a t o r at a 

fixed l iquid flow r a t e . The s m a l l e r 

the va lue of R Q / R I , the l a r g e r the 

d r o p in p o w e r . F o r l oad ings of 

R o / R i ^ •*. the power output i n 

c r e a s e s wi th i n c r e a s i n g void 

f r ac t ion . At R o / R i > 10, the i n 

c r e a s e s in power ove r the non -

voided condi t ion a r e v e r y l a r g e 

and i n c r e a s e s h a r p l y wi th i n c r e a s 

ing void conten t . 

0 4 0.5 0.6 
FRACTION ( a ) 

F i g . 3 3 . N o r m a l i z e d P o v / e r v e r s u s 

V o i d F r a c t i o n 

A l l c u r v e s w o u l d b e e x 

p e c t e d t o r e a c h a m a x i m u m a n d 

t h e n d r o p off s u d d e n l y a s a a p 

p r o a c h e s u n i t y , s i n c e t h e 

c o n d u c t i v i t y - v o i d f r a c t i o n r e l a t i o n 

s h i p w o u l d b e e x p e c t e d t o c h a n g e i n t h i s r e g i o n . T h e c o n d u c t i v i t y of t h e 

t w o - p h a s e m i x t u r e s s h o u l d d r o p off m o r e r a p i d l y i n t h e v o i d r e g i o n a > 0 .90 

t h a n i n d i c a t e d by E q . ( 6 8 ) . 

T h e d a t a p o i n t s s h o w n o n F i g . 33 a r e f r o m t h e T e s t S e r i e s IV r u n s 

w h e r e t h e t w o - p h a s e m i x t u r e w a s p a s s e d t h r o u g h t h e g e n e r a t o r a n d w h e r e 

R o / R i = 5 . 6 . 

F . G e n e r a t o r E f f i c i e n c y 

T h e e f f i c i e n c y of t h e M H D g e n e r a t o r i s g i v e n b y t h e r a t i o of t h e 

p o w e r o u t p u t t o t h e f l o w - w o r k i n p u t . T h e t o t a l p o w e r o u t p u t of t h e g e n e r a t o r 

c o n s i s t s of t w o s e g m e n t s : ( l ) t h e f r a c t i o n w h i c h i s d i s s i p a t e d w i t h i n t h e 

g e n e r a t o r w a l l s ; a n d (2) t h e p o r t i o n w h i c h i s d i s s i p a t e d i n t h e e x t e r n a l l o a d s , 

R s h ^^'^ R s s ' ^^'^ r e p r e s e n t s u s a b l e p o w e r . A s a r e s u l t , t w o e f f i c i e n c i e s 

m a y b e d e f i n e d : ( l ) a n e f f i c i e n c y b a s e d o n a t o t a l p o w e r o u t p u t ; a n d (2) a n 

e f f i c i e n c y b a s e d o n t h e u s a b l e g e n e r a t o r o u t p u t . 

1. E f f i c i e n c y B a s e d o n T o t a l P o w e r O u t p u t 

F o r t h e n o n i d e a l g e n e r a t o r s t u d i e d in t h i s i n v e s t i g a t i o n , t h e 
t h e o r e t i c a l e f f i c i e n c y i s 

^ t h e o - 1 - 'i ' 1 + 2 In 2 

CTT 1 
la- Tl'), (81) 
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w h e r e 

•0' ^ i ^ + i X 
R o c 

l n 2 ' \ 

CTT / 

T h e a c t u a l e f f i c i e n c y of t h e g e n e r a t o r c o u l d n o t b e d e t e r m i n e d d i 

r e c t l y s i n c e t h e p o r t i o n of t h e g e n e r a t e d p o w e r t h a t w a s d i s s i p a t e d i n t h e 

g e n e r a t o r w a l l s c o u l d n o t b e m e a s u r e d . H o w e v e r , t h e p r e s s u r e d r o p a c r o s s 

t h e g e n e r a t o r a s s o c i a t e d w i t h t h e g e n e r a t e d p o w e r w a s m e a s u r e d . T h e r e 

f o r e , t h e c a l c u l a t e d e f f i c i e n c y i s g i v e n by 

U,. 
4 a b L O p p y-^-^j B ^ Tl 1 - T)' 1 -̂  

2 In 2 
CTT 

" c a l c 

( 4 a b ) (X) ( - A p p p ) 

U , 
ri' ( • ' ^ y ( 8 2 ) 

w h e r e ( - A p p p ) 

(-Ap-p-p) 
^ "^ i. f r n e a s 

i s t h e m e a s u r e d p r e s s u r e d r o p a c r o s s t h e g e n e r a t o r . 

a n d 

"1 X R o CTT / W P R O CTT / 

S u b s t i t u t i n g t h e a b o v e e x p r e s s i o n f o r T] ' i n t o E q . (82) a n d s i m p l i f y i n g p r o d u c e 

^ c a l c ( - A p p p ) (Xk ( R i / R o ) o 

\ CTT R Q 0, j .p 

(83) 

S i m i l a r l y , t h e t h e o r e t i c a l e f f i c i e n c y c a n b e e x p r e s s e d a s 

p p . A. 
•^ theo / R i . T P , , , 2Jn_2_YRi^TP ^ ]Jl}J_\ 

V R o CTT ) \ R O CTT ; 

(84) 

CTT l\ Rr 

I t c a n b e s e e n f r o m t h e e f f i c i e n c y e q u a t i o n s t h a t e t h e o i s a f u n c t i o n 

of f l o w c h a n n e l g e o m e t r y , a s p e c t r a t i o c , a n d t h e r a t i o R J X P / R O - I " t h e 

p r e s e n t e x p e r i m e n t s , c i s a f i x e d v a l u e a n d t h e o n l y v a l u e s of R I / R Q f o r 
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the single-phase runs a re 0.156 for Test Series 1, and 0.180 for Test 
Series II. However, for Test Series III and IV in which two phases were 
present, Ri p p is a function of Opp which, in turn, is a function of the void 
fraction (a). Therefore, sufficient data points are available to compare the 
theoretical efficiency with the calculated efficiency. As shown on Fig. 34, 
a substantial amount of scatter exists since the calculated efficiency is 
based on the measured Ap. This also suggests that the p ressu re drop 
measurements were not consistent. However, the maximum deviation is 
<20%. This attests to the accuracy of the Opp-a relationship that was 
developed from the data, since the theoretical p ressure drop is directly 
proportional to Opp [see Eq. (42)]. 
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Fig. 34. Calculated versus Theoretical Generator 
Efficiency Based upon Total Power Output 

2. Efficiency Based on Usable* Generator Output 

The usable power output fron-i the MHD generator is V2I2 (see 
Fig. 4), or ^y[Rs\i -̂  Rss)- Therefore, the experimental efficiency of the 
generator is 
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(V2,TP)y(Rsh + Rss^ 
-exp 

4abl I^j(-Ap 
(85) 

T P ' 

Since V2 T P . ^m- °-< ^"<i ApxP are measurable quantities, Ggxp can be cal
culated directly from the data. However, Vj^pp and -ApxP can also be ob
tained theoretically; hence, Ctĵ go becomes 

^theo -
1 

Rsh + Rss 

^sh + Rc 

^BB + R sh + R. 

U, 
2a Tl'-

1 + 
2R,. 

'^BB + R . 

4 b a L ( l - T)') O p p (^y (86) 

Substituting the known values of Rgh. Rss . ^^^ R B B '"to Eq. (86) and simpli
fying produce 

2a(0.932)^ 

-theo 
2bL O T P ( 1 3 0 6 . 1 X 1 0 - ) ( ^ - 0.239) ( ^ . 1.239) 

(87) 

Figure 35 compares the experimental and theoretical efficiencies; the agree
ment is excellent. The actual efficiencies are extremely low because the 
walls of the generator are conducting and because their resistance is quite 
low in comparison to the external loads. As a result , -90% of the generated 
power shor t -c i rcui ts through, and is dissipated in, the generator walls. 

C.h * " . . ) / " ! . T P 

Fig. 35. Experimental versus Theoretical Generator Efficiency 
Based upon Usable Power Output in Test Series IV 
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An overall view of the variation of the generator efficiency with 
void fraction is shown in Figs. 36 and 37. Figure 36 is a plot of the calcu
lated normalized efficiency e j ^ / e ^ . . versus the void fraction. The efficiency 
ratio was calculated in the same manner as the power ratio. The resul ts 
are a family of curves for various initial values of external generator load
ings. In general, the trends are similar to those shown in Fig. 33 for the 
normalized generator power output. The data points are from Test Series IV. 
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For values of R Q / R I < 3, the normalized efficiency is less than 
unity, and continues to decrease with increasing void fraction. For values 
of 3 < R Q / R I < 10, the normalized efficiency r i ses above unity, reaches a 
maximum, and then decreases to values below unity as the void content in
c r e a s e s . For R Q / R I > 10, the efficiency rat io increases with increasing 
void content. Figure 36 indicates that there a re large areas in which the 
generator efficiency does not degenerate due to the presence of voids. In 
fact, the performance charac te r i s t ics of the generator are enhanced. 

Figure 37 shows the absolute magnitude of the generator effi
ciency as a function of the void fraction and initial generator loading. The 
t rends a re s imilar to those of the normalized efficiency shown in Fig. 36. 
The maximum efficiency is a function of the generator loading R Q / R I and 
the void fraction a . The maximum value of the efficiency and its dependence 
upon the void fraction and generator loading are obtained by differentiating 
the efficiency equation, Eq. (81), with respect to the generator load, 
Ri ,Tp/Ro- That i s , 

d€ 

d(Ri,TP/Ro) 

^ ^ , ' | l - T T r ^ l M 2 1 n 2 ) / c T T ] } y ^ ( ^ ^ ^ ^ ^ ^ ^ ^ 

(88) 

From Eq. (88) it can be shown that, for the condition that the efficiency be 
maximum. 

Ri ,TP 2 1n2 / I l n 2 \ 
CTT / 

(89) 

Since 

R^ " Rr, 

Eq. (89) becomes 

Rj 
Ro 

2 In 2 / J ^ 2 In 2 
CTT 

1/2 

(90) 

Solving for the generator loading produces 

1/2 

(•^)(-^y (91) 
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Equation (91) establishes the initial generator loading to achieve maximum 
efficiency under voided operating conditions for a specified generator 
geometry. There is virtually a l imitless number of combinations of gener
ator loading and fluid void fraction that will yield the maximum generator 
efficiency, whereas the nonvoided generator (a = 0) requires a unique load
ing to achieve the maximum efficiency. Regardless of the relationship used 
for predicting the two-phase conductivity, the behavior pattern shown in 
Fig. 37 will hold. The introduction of voids into an MHD generator does 
not automatically reduce the generator efficiency. 

The maximum efficiency that can be attained in an MHD gener
ator is determined by the magnitude of the end losses occurring in the 
generator and is independent of the generator loading and fluid conductivity. 
This can be seen by substituting Eq. (89) into Eq. (81). The efficiency 
becomes 

1 -̂  
4 In 2 + 2 im 1 + 

2 In 2 1/2 
(92) 

As is evident from Eq. (92), the upper bound on the efficiency is dependent 
only upon the generator geometry and, more specifically, on the ratio of 
the generator length to width (c). The relationship given by Eq. (92) is based 
on the end-loss factor given by Sutton^^-^' for the abrupt termination of the 

magnetic field at the electrode 
ends. As mentioned previously, 
this factor was judged to be quite 
accurate. 

The variance in perform
ance between the ideal generator 
with no end losses and the non-
ideal generator studied in this 
investigation is il lustrated by 
comparing Figs. 36 and 37 with 
Figs. 38 and 39. In Figs. 38 and 
39, the normalized and absolute 
generator efficiencies for an 
ideal generator are plotted 
against the void volume fraction 
and generator loading. 

From Eq. (81), the ab
solute efficiency for an ideal 
generator, when the end-loss 
correction factor (2 In Z/CTX) is 
set equal to zero, is given by 
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F ig . 39 

Absolute Efficiency versus 
Void Fraction for an Ideal 
MHD Generator 

0.3 0,4 0 5 0,6 0,7 

VOID FRACTION (O) 

The normalized ideal generator efficiency becomes 

% 1 + (Ri/Ro) 

ea=o 1 + (Ri/Ro)^'-"^ 

The trends for the ideal generator are different from those 
shown in Figs. 36 and 37, for the nonideal generator studied. Both the 
normalized efficiency and the absolute efficiency decrease with increasing 
void fraction for all generator loadings. However, as the generator loading 
is increased, both efficiencies approach unity as the limiting case. It should 
be remembered that the analyses presented are for the case 

Ha 
Ha - tanh Ha 

This condition is approximated when Ha > 100. 

The ideal generator with no end losses is not readily attained 
in actual pract ice. To i l lustrate the dependency of generator efficiency on 
the end losses , a graph of Eq. (92) is shown in Fig. 40. The efficiency de
c reases rapidly as the channel aspect ratio (c) is reduced. To achieve 
generator efficiencies of -90%, the ratio c would have to be 200 or grea ter . 
The condition that the end-loss factor be essentially zero (the ideal gener
ator case) is met when c ^ 2200. The value of c that is feasible from a 
pract ical viewpoint is not c lear-cut . For a commercial system, an aspect 
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ratio of 10 or higher may be acceptable. For a space power source, values 
of 10 appear mandatory. With reference to Fig. 30, the maximum efficiency 
one could hope to attain with c = 10 is about 65%. These c r i te r ia apply for 
all fluids, whether single-phase liquid metals , two-phase mixture, or 
plasma. 

ASPECT RATIO {C) 

Fig. 40. Maximum Efficiency 
versus Aspect Ratio 
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APPENDIX A 

TABLES OF EXPERIMENTAL DATA 
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Table A-1 

SUMMARY OF T E S T SERIES I: NaK ( O P E N CIRCUIT) 

R u n 

N o . 

74 

75 

76 

77 

7 8 

79 

80 

81 
82 

83 

84 

85 
86 

87 

8 8 

89 

90 

91 
92 

93 

94 

95 
96 

97 

98 

99 
100 

101 

102 

103 

104 

105 
106 

107 

108 

109 

*. 

B o ' 
G a u s s 

4350 
4350 
4350 
4350 
4350 
4350 

6400 
6400 
6400 
6400 
6475 
6475 
6475 

7320 
7320 
7320 
7350 
7350 
7350 

7940 
7940 
7940 
7940 
7940 
7940 

8450 
8450 
8450 
8450 
8450 
8450 

8800 
8800 
8800 
8800 
8800 

-Ap i = (• 

NaK 
Flow Ra te , 

I b / m i n 

107.0 
93.8 
76.8 
53.4 
33.8 
17.0 

106.0 
94.8 
85.8 
74.6 
65.3 
46.5 
24.2 

95.5 
82.6 
69.5 
54.5 
38.4 
25.5 

88.2 
78.8 
66.2 
50.0 
32.5 
20.8 

81.6 
69.5 
55.5 
39.8 
24.2 
15.0 

74.6 
64.2 
47.5 
30.0 
18.2 

"Ap)meas = P 

( - ^ P ' m e a s , 
p s i 

4.31 
3.63 
2.75 
1.88 
0.86 
0.50 

8.96 
7.84 
6.93 
5.91 
4.98 
3.47 
1.75 

9.67 
8.05 
6.57 
4.86 
3.36 
2.05 

10.16 
8 . 8 
7.12 
5.16 
3.48 
1.95 

10.37 
8.54 
6.57 
4.60 
2.80 
1.80 

10.17 
8.50 
6.04 
3.77 
2.18 

r e s s u r e d r o p due 

- A p i , * 
p s i 

3.90 
3.32 
2.55 
1.80 
0.84 
0.50 

8.55 
7.52 
6.67 
5.72 
4.85 
3.42 
1.74 

9.35 
7.81 
6.41 
4.78 
3.33 
2.04 

9.89 
8.59 
6.98 
5.10 
3.46 
1.95 

10.14 
8.38 
6.48 
4.57 
2.79 
1.80 

9.98 
8.37 
5.98 
3.75 
2.18 

to f r i c t 

V p 
m V 

44 .68 
38.2 
30.05 
19.68 
12.3 

6.23 

67.35 
59.22 
52.58 
45.33 
38.68 
27.47 
14.53 

66.0 
55.48 
45.82 
34.62 
24.54 
15.5 

64.5 
56.3 
46.24 
34.15 
22.8 
13.8 

63.0 
52.19 
40.84 
29.35 
18.43 
12.27 

59.7 
50.37 
36.77 
23.6 
13.87 

ion. 

R e m a r k 

See F i g s . 
and 15 

See F i g s . 
and 14 

See F i g s . 
and 17 

See F i g s . 
and 16 

See F i g s . 
and 15 

See F i g s . 
and 14 

s 

10 

10 

13 

12 

11 

10 



T a b l e A - 2 

SUMMARY O F T E S T S E R I E S II; NaK ( C L O S E D CIRCUIT) 
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Run 
No. 

110 
111 
112 
113 
114 
115 
116 
117 
118 

119 
120 
121 
122 
123 
124 
125 

126 
127 
128 
129 
130 
131 
132 

133 
134 
135 
136 
137 
138 

139 
140 
141 
142 
143 

144 
145 
146 
147 
148 
149 

* 

B Q ' 
G a u s s 

4350 
4350 
4350 
4350 
4350 
4350 
4350 
4350 
4350 

6500 
6500 
6500 
6500 
6500 
6500 
6500 

7350 
7350 
7350 
7350 
7350 
7350 
7350 

8000 
8000 
8000 
8000 
8000 
8000 

8500 
8500 
8500 
8500 
8500 

8900 
8900 
8900 
8900 
8900 
8900 

-Ap2 = ( 

NaK 
F l o w Ra te 

I b / m i n 

142.3 
134.5 
121.0 
107.0 

93 .8 
77.7 
62 .0 
42 .0 
25 .5 

104.2 
93 .0 
80 .8 
65.2 
47 .6 
32.5 
18.3 

91 .0 
78 .8 
68 .5 
53.5 
38.3 
24 .3 
14.5 

84 .5 
75 .8 
64 .3 
50 .0 
35.0 
22 .0 

77 .8 
67 .5 
50.0 
36.0 
20 .8 

67 .4 
73 .5 
52.2 
37.2 
25 .5 
14.6 

" ' ^ P ' m e a s = 

, ( - ^ P ) m e a s ' 
p s i 

6 .93 
6.15 
5.15 
4.51 
3.83 
3.0 
2.36 
1.53 
0.9 

9.37 
8.07 
6.84 
5,45 
3.75 
2.47 
1.39 

9.92 
8.44 
7.11 
5.38 
3.75 
2,40 
1.5 

10.38 
9.12 
7.52 
5.62 
3.86 
2 .38 

10.53 
9.0 
6.46 
4 .54 
2.64 

9.68 
10.69 

7.14 
5.02 
3.33 
1.84 

p r e s s u r e d r o p 

-Ap2,* 
p s i 

6 .18 
5.48 
4.61 
4 .10 
3.52 
2.79 
2.24 
1.49 
0.89 

8.98 
7.77 
6.61 
5.32 
3.69 
2.45 
1.39 

9.63 
8.22 
6.96 
5.30 
3.72 
2.39 
1.5 

10.13 
8.92 
7.39 
5.56 
3.84 
2.38 

10.32 
8.86 
6.40 
4.52 
2.64 

9.54 
10.51 

7.07 
4 .99 
3.32 
1.84 

due to f r i c 

V2. 
m V 

57.45 
52.25 
45 .37 

39.9 
34,25 
27 .23 
21 .28 
14.11 

8.22 

58.52 
50.55 
43 .04 
34.4 
24 .29 
16.16 

9.13 

56.45 
48 .19 
40 .83 
31.43 
22.16 
14.2 

8,98 

55.33 
48 .73 
40 .57 
30.51 
21.22 
13.35 

53.5 
45 .84 
33.34 
23.61 
13.64 

47 .73 
52.32 

35 .43 
25.39 
17.23 

9.27 

t ion . 

h' 
A m p 

43 .8 
40 .0 
34.8 
30.6 
26.2 
20 .8 
16.2 
10.8 

6.2 

45 .0 
38.8 
33.0 
26.4 
18.6 
12.4 

6.8 

43.2 
36.8 
31.2 
24.0 
17.0 
10.8 

6.8 

42.6 
37.4 

31.0 
23.4 
16.2 
10.4 

41 .0 

35.4 
25.6 
18.2 
10.4 

36.8 
40.2 

27.4 
19.8 
13.2 

7.0 

R e m a r k s 

See F i g s . 18, 
22, and 27 

See F i g s . 18, 
22, and 26 

See F i g s . 2 1 , 
25, and 29 

See F i g s . 20, 
24. and 28 

See F i g s . 19. 

23 , and 27 

See F i g s . 18, 

22, and 26 
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Table A-3 

SUMMARY OF TEST SERIES III: NaK-Nj ( O P E N CIRCUIT) 

Run 
No. 

258 
259 
260 
261 
262 
263 
264 

266 
267 
268 
269 
270 
271 
272 

300 
301 
302 
303 
304 

305 
316 
317 
318 
319 

Bo. 
G a u s s 

6480 
6480 
6480 
6480 
6480 
6480 
6480 

6480 
6480 
6480 
6480 
6480 
6480 
6480 

8400 
8400 
8400 
8400 
8400 

8270 
8250 
8250 
8250 
8250 

NaK 
Flow 
Rate , 

I b / m i n 

23.8 
23.8 
23.8 
23.8 
23,8 
23.8 
23.8 

23.8 
23.8 
23,8 
23.8 
23.8 
23.8 
23.8 

40.0 
40,0 
40.0 
40,0 
40.0 

40.0 
40.0 
40.0 
40.0 
40.0 

N2 
Flow 
Rate , 

I b / m i n 

0 
0.027 
0.048 
O. IU 
0.175 
0.285 
0.377 

0 
0,027 
0.048 
0,111 
0.175 
0.285 
0,377 

0 
0.041 
0.109 
0.22 
0.315 

0.390 
0.041 
0 109 
0.22 
0,315 

Void 
F r a c t i o n 

0 
0.117 
0,188 
0.31 
0.395 
0.523 
0.603 

0 
0.3 
0,42 
0.545 
0.623 
0.67 
0 73 

0 
0.212 
0.35 
0.465 
0.537 

0.57 
0.097 
0.21 
0.327 
0.41 

- Ap i^pp , 
p s i 

1.63 
1.57 
1,57 
1.56 
1.63 
1.68 
1.73 

1.60 
1.57 
1.57 
1.56 
1.63 
1.68 
1.73 

4.47 
4 .08 
4.11 
4.10 
3.92 

3.99 
4.20 
3.87 
3.98 
4.05 

V i , p p ' 
mV 

13.4 
15.5 
16.0 
17.0 
17.8 
18.8 
19.0 

13.4 
15.5 
16.0 
17.0 
18.0 
18.8 
19.0 

29.2 
32.8 
35.5 
36.0 
37.0 

37.7 
33.8 
34.8 
36.5 
38.0 

R e m a r k s 

See F i g . A - 1 . 
Void f r ac t ion 
m e a s u r e d by 
7 - r a y t e c h 
nique a t out le t 
of g e n e r a t o r 
flow channel . 

See F i g . A - 1 . 
Void f r ac t ion 
m e a s u r e d a t 
in le t of gen
e r a t o r flow 
channe l . 

See F i g . A-2 . 
Void f r ac t ion 
m e a s u r e d at 
in le t of gen
erator flow 
channe l . 

See F i g . A - 2 . 
Void f r ac t ion 
m e a s u r e d at 
ou t l e t of gen
e r a t o r flow 
channe l . 

320 8170 40 .0 0.392 0.502 4.12 39.0 
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SUMMARY O F T E S T S E R I E S IV: NaK-Nj (CLOSED CIRCUIT) 

Run 
No. 

273 

274 

275 

276 

277 

278 

279 

293 

294 

295 

296 

297 

298 

B Q . 

G a u s s 

6489 

6480 

6480 

6480 

6480 

6480 

6480 

8400 

8400 

8400 

8400 

8400 

8270 

NaK 
F low 
R a t e , 

I b / m i n 

23.8 

23.8 

23 .8 

23 .8 

23 .8 

23 .8 

23 .8 

40 .0 

40 .0 

40 .0 

40 .0 

40 .0 

40 .0 

Nz 
Flow 
R a t e . 

I b / m i n 

0 

0.027 

0.048 

0.111 

0.175 

0.285 

0.377 

0 

0.041 

0.109 

0.22 

0.315 

0.392 

Void 
F r a c t i o n 

0 

0.112 

0.18 

0.305 

0.4 

0.5 

0.595 

0 

0.095 

0.205 

0.315 

0.393 

0.485 

- A p 2 , p p . 
p s i 

1.65 

1.65 

1.63 

1.64 

1.71 

1.81 

1.88 

4.79 

4.38 

4.10 

4.35 

4.52 

3.54 

V z . T P ' 
mV 

12.0 

13.5 

14.0 

15.0 

16.0 

17.0 

17.0 

26.4 

29.0 

30.0 

31.8 

33.0 

32.0 

R e m a r k s 

See F i g . A - 1 . 
Void f r a c t i o n 
m e a s u r e d at 
ou t l e t of g e n 
e r a t o r flow 
channe l . 

See F i g . A - 2 . 
Void f r a c t i o n 
m e a s u r e d a t 
ou t l e t of g e n 
e r a t o r flow 
channe l . 
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Fig. A-1. Average Void Fraction in the MHD 
Generator for Uj^ = 23.8 Ib/min; 
Bo = 6480 Gauss 
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Fig. A-2. Average Void Fraction in the MHD 
Generator for Um = 40 Ib/min; 
Bo = 8400 and 8250 Gauss 
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APPENDIX B 

TABLES OF CALCULATED DATA 
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Table B-1 

SUMMARY OF TEST SERIES I: NaK (OPEN CIRCUIT) 

B o . 
G a u s s 

4350 

6400 

7320 

7940 

8450 

8800 

V i . 
mV 

0.402Um 

0.591Um 

0.676Um 

0.733Um 

0.780Um 

0.813Um 

R e m a r k s : 

vl, 
m V 

0,485Um 

0,713Um 

0 8 l 6 U m 

0,885Um 

0.942Um 

0.980Um 

-Api , 
p s i 

0.044Um 

0,095Um 

0.12 5Um 

0.147Um 

0.166Um 

0.180Um 

-Apl, 
p s i 

0.021Um 

0.045Um 

0.060Um 

0 .070Um 

0.079Un^ 

0 .086Um 

(1) For Vl and v; , see Figs . 10 to 13. 
(2) For -Api and -ApJ, see Figs . 14 to 17. 
(3) Um Ts NaK flow rate in Ib/min. 
(4) Vji and -Ap, are the values with end-loss correction. 
(5) vl and -Apl are the values without end-loss 

correction. 

Table B-2 

SUMMARY OF TEST SERIES 11. NaK (CLOSED CIRCUIT) 

Bo> 
G a u s s 

4350 

6500 

7350 

8000 

8500 

8900 

m V 

0.368Um 

0,550Um 

0 622Um 

0,677Um 

0 719Um 

0,753Um 

R e m a r k s 

m V 

0 443Um 

0.661Um 

0 748Um 

0,814Um 

0 865Um 

0 906Um 

A m p 

0.282Um 

0.421Um 

0.476Um 

0,518Um 

0,551Um 

0 577Um 

A m p 

0,339Um 

0 506Um 

0.573Um 

0.623Um 

0.662Um 

0.693Um 

-Apz. 
p s i 

0 .046Um 

0.103Um 

0.131Um 

0.155Um 

0.175Um 

0.192Um 

-AP2, 
p s i 

0 .024Um 

0.053Um 

0.068Um 

O.OSOUm 

0.091Um 

0.099Um 

(1) For Vz and VJ, see Figs. 18 to 21. 
(2) For 1, and I2, see Figs . 22 to 25 
(3) For -Ap2 and -Apz, see Figs. 26 to 29. 
(4) V2, I2, and -Ap2 a re the vaJues with end-loss correction. 
(5) V ,̂ I2, and -Ap2 are the values without end-loss correction. 
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Table B-3 

SUMMARY OF TEST SERIES III; NaK-Nj (OPEN CIRCUIT) 

B o ' 
G a u s s 

6480 

6480 

6480 

6480 

6480 

6480 

8250 

8250 

8250 

8250 

8260 

8400 

8400 

8400 

8400 

8400 

R e i 

NaK 
F l o w R a t e , 

I b / m i n 

23.8 

23.8 

23.8 

23.8 

23.8 

23 .8 

4 0 

4 0 

4 0 

4 0 

4 0 

4 0 

4 0 

4 0 

4 0 

4 0 

m a r k s : 

(1) _ 2 _ a r e the 
o p p 

(2) (:^\ - -

1 - Q-avg 

0.785 

0.705 

0.582 

0.505 

0.41 

0.34 

0.845 

0.72 

0.605 

0.535 

0.47 

0.845 

0.72 

0.605 

0.535 

0.47 

v a l u e s wi th 

the v a l u e s w 

( V i , T p ) m e a s 
mV 

15.5 

16.0 

17.0 

18.0 

18.8 

19.0 

33.8 

34.8 

36.5 

38.0 

39.0 

32.8 

35.5 

36.0 

37.0 

37.7 

a 
ajp 

2.53 

3.35 

4 .93 

6.07 

8.58 

11.78 

1.60 

2.94 

4.40 

5.47 

6.93 

2.07 

2.92 

4.80 

6.08 

7.72 

e n d - l o s s c o r r e c t i o n . (See 

i thout e n d - l o s s c o r r e c t i o n . 

(^] \cjpj 

4.06 

4 .88 

6.46 

7.60 

10.11 

13.31 

3.13 

4.47 

5.93 

7.00 

8.46 

3.60 

4 .45 

6.33 

7.61 

9.25 

F i g . 30.) 

(See Fig. 31.) 

(3) ttavg values a re obtained from Figs . A-1 and A-2. 

file:///cjpj
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Table B-4 

SUMMARY OF TEST SERIES IV; NaK-N2 (CLOSED CIRCUIT) 

( V 2 , p p ) Um r ^ . T P J m e a s ' _ £ 

lavg 1 - t t a v g l - °^avg "^^ " T P 

= 23.8 I b / m i n ; B Q = 6480 G a u s s 

0.155 

0.280 

0,395 

0.465 

0.530 

R e m a r k s 

0.845 

0.720 

0.605 

0.535 

0.470 

0 

47.34 

55.56 

66.12 

74.77 

85.11 

\ O T P / 

0.215 0.785 30.32 13.5 2.83 4.16 

0.295 0.705 33.76 14.0 3.55 4.87 

0.418 0.582 40.89 15.0 4.91 6.23 

0.495 0.505 47.13 16.0 5.86 7.18 

0.590 0.410 58.05 17.0 7.89 9.21 

0.660 0.340 70.00 17.0 10.93 12.25 

Um = 40 I b / m i n ; Bo = 8400 G a u s s 

29.0 

30.0 

31.8 

33.0 

32.0 

(1) a r e the v a l u e s wi th e n d - l o s s c o r r e c t i o n . (See F i s . 30. 
O p p ^ o 

(2) (•- ) a r e the va lue s wi thout e n d - l o s s c o r r e c t i o n . 
\ ° T P / 
(See F i g . 31.) 

(3) ttg^vg v a l u e s a r e obta ined f r o m F i g s . A - 1 and A - 2 . 

2.27 

3.50 

4 .77 

5.82 

8.03 

3.59 

4 .83 

6.10 

7.15 

9.36 
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G E N E R A T O R E F F I C I E N C Y BASED ON T O T A L P O W E R O U T P U T 
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Bo, 
G a u s s 

6480 
6480 
6480 
6480 
6480 
6480 
6480 
6480 
6480 
6480 
6480 
6480 
8400 
8400 
8400 
8400 
8400 
8400 
8400 
8400 
8400 
8400 
8250 
8250 
8250 
8250 
8250 

U m . 
I b / m i n 

23 .8 
23.8 
23 .8 
23.8 
23 .8 
23 .8 
23 .8 
23 .8 
23 .8 
23 .8 
23.8 
23 .8 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 

T e s t 
S e r i e s 

III 
III 
III 
III 
III 
III 
IV 
IV 
IV 
IV 
IV 
IV 
IV 
IV 
IV 
IV 
IV 
III 
III 
111 
III 
III 
III 
III 
III 
III 
III 

( - ^ P T p ) m e a s ' 
p s i 

1.57 
1.57 
1.56 
1.63 
1.68 
1.73 
1.65 
1.63 
1.64 
1.71 
1.81 
1.88 
4 .38 
4.10 
4 .35 
4.52 
3.54 
4 .08 
4.11 
4.10 
3.92 
3.99 
4.20 
3.87 
3.98 
4 .05 
4.12 

V'TpJexp 

2.53 
3.35 
4 .93 
6.07 
8.58 

11.78 
2.83 
3.55 
4.91 
5.86 
7.89 

10.93 
2.27 
3.50 
4.77 
5.82 
8.03 
2.07 
2.92 
4.80 
6.08 
7.72 
1.60 
2.94 
4 .40 
5.47 
6.93 

Ro 

R i , T P 

2.63 
1.97 
1.33 
1.08 
0.76 
0.55 
2.58 
1.97 
1.36 
1.12 
0.81 
0.57 
3.40 
2.00 
1.40 
1.12 
0.79 
3.22 
2.27 
1.37 
1.08 
0.84 
4.21 
2 .25 
1.49 
1.20 
0.94 

1 - a 

0.785 
0.705 
0.582 
0.505 
0.41 
0.34 
0.785 
0.705 
0.582 
0.505 
0.410 
0.340 
0.845 
0.720 
0.605 
0.535 
0.47 
0.845 
0.72 
0.605 
0.535 
0.47 
0.845 
0.72 
0.605 
0.635 
0.47 

^ c a l c , 

% 

34.6 
33.1 
30.9 
28.9 
24.9 
20.2 
37.9 
37.1 
34.9 
33.1 
28 .5 
22.7 
42 .3 
41 .1 
36.6 
33.6 
35.3 
38.2 
37.9 
32.7 
32.0 
28.8 
39.5 
38.6 
34.7 
32.7 
29.7 
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Table B-6 

GENERATOR EFFICIENCY BASED ON USABLE POWER OUTPUT 

Bo, 
Gauss 

6480 

6480 

6480 

6480 

6480 

6480 

8400 

8400 

8400 

8400 

8400 

Um. 
i b / m i n 

23.8 

23.8 

23.8 

23.8 

23.8 

23.8 

40 

40 

40 

4 0 

40 

Test 
Se r i e s 

IV 

IV 

IV 

IV 

IV 

IV 

IV 

IV 

IV 

IV 

IV 

-Aprpp 
^ ^ m e a s 
ps i 

1.65 

1.63 

1.64 

1.71 

1.81 

1.88 

4.38 

4.10 

4.35 

4.52 

3.54 

1 - a 

0.785 

0.705 

0.582 

0.505 

0.410 

0,340 

0.845 

0.720 

0.605 

0.535 

0.470 

Vz.TP. 
mV 

13.5 

14.0 

15.0 

16.0 

17.0 

17.0 

29.0 

30.0 

31.8 

33.0 

32.0 

i°TpJexp 

2.83 

3.55 

4.91 

5.86 

7.89 

10.93 

2.27 

3.50 

4.77 

5.82 

8.02 

Rsh + Rss 
R i . T P 

15.82 

12.09 

8.34 

6.86 

4.97 

3.52 

20.88 

12.27 

8.60 

6.91 

4.88 

^exp' 

% 
4 . 7 

4 . 6 

4 . 3 

4 . 1 

3 .5 

2 . 8 

5.2 

5 .0 

4 . 5 

4 . 1 

4 . 3 
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APPENDIX C 

UNIT CONVERSION FACTORS 

= 2.34289Um (Ib/min). 

Bo (volt-sec/cm^) = lO'^B^ (Gauss). 

V(mV) = T](2a)UmBo 

= 2.16 (in.) 2.54(^11),.34289 ( f ^ ) l O - f - ^ ^ ) 1000 ( ^ ) 

= (l2877.8 X 10-^)T)Um (Ib/min) BQ (Gauss). 

-Ap(psi) = (1 - T])LUniaB'o 

= 4 ( i n . ) 2 . 3 4 2 8 9 H ^ ( ^ _ ) , O - ( M ^ ) 
^ ' V^ec/ 42 ^ohm-cmy \ cm y 

, 1 /• a^P ] 0 7376 ( ^ î̂ i—) iz(^ {Z.54r(^] 
"" \Volt/ohmy ^• '• ' '° \^Volt-amp-sec/ ^ f t / ' \in- / 

= (82.2 X 10-'°)(1 -Ti)Um (Ib/min) B̂o (Gauss'). 
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